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Abstract In the present study, titanium dioxide (TiO2) nano-particles were syn-

thesized by sol–gel technique and then used to provide nano-TiO2 loaded cement

samples at 1, 5, and 10 wt% for investigation of Malachite green pigment

decomposition and Escherichia coli inactivation under UV irradiation. Surveys

conducted on the synthesized TiO2 nano-particles showed a 100 % anatase phase

with a mean particle size of 66.5 nm, surface area of 64.352 m2 g-1, and a porosity

volume of 0.1278 cm3 g-1. Cement samples containing this catalyst exhibited

stronger photocatalytic properties as compared to the same amount of pure catalyst.

Considering both photocatalytic performance and cost of catalyst, 5 wt% titanium

dioxide was suggested to be added to cement. By addition of 1 wt% polycarboxylic

copolymer as super-plasticizer to the cement paste, the photocatalytic sample

activities were reinforced so that a similar performance could be obtained at 1 wt%

catalyst as compared to 5 wt% catalyst without super-plasticizer.

Keywords Decolorization � Nanoparticles � Photocatalysts � Sol–gel chemistry �
Titanium dioxide

& Ali Allahverdi

ali.allahverdi@iust.ac.ir

Nasim Ganji

nassim.ganji@gmail.com

Fereshteh Naeimpoor

fnaeim@iust.ac.ir

Mostafa Mahinroosta

mahinroosta2010@gmail.com

1 Cement Research Center, School of Chemical Engineering, Iran University of Science and

Technology, Narmak, Tehran 1684613114, Iran

2 Biotechnology Laboratory, School of Chemical Engineering, Iran University of Science and

Technology, Narmak, Tehran 1684613114, Iran

123

Res Chem Intermed (2016) 42:5395–5412

DOI 10.1007/s11164-015-2374-x

http://crossmark.crossref.org/dialog/?doi=10.1007/s11164-015-2374-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11164-015-2374-x&amp;domain=pdf


Introduction

Over the past decade several experimental and industrial attempts have been made

to improve self-cleaning properties of building cements with interior or exterior

application by addition of wax and heavy paraffin at diverse compositions. This

approach is indeed an imitation of the protective effect found in Nelumbo nucifera

(Lotus effect) within which a structured hydrophobic film protects the leaves from

environmental pollutants. However, this hydrophobic coating will be soon

deteriorated when exposed to air or UV light [1]. Conversely, photocatalytic

degradation of harmful pollutants by irradiated particles in the environment has

received considerable attention [2]. Applications include the photocatalytic, anti-

bacterial, self-cleaning, self-sterilizing materials, air purification coatings and

pavements. Titanium dioxide is the most widely used photocatalyst in the field of

construction materials. The extensive use of TiO2 is attributed to its characteristics

of being relatively inexpensive, safe, non-toxic, chemically stable, highly photo-

catalytic compared to other metal oxide photocatalysts, effective under weak solar

irradiation in atmospheric environment and compatible with traditional construction

materials, such as cement, without changing any original performance [3].

The first application of TiO2 goes back to 1910 when it was used as a pigment

instead of toxic lead oxides which were most often used as a pigment for primer

paints for iron objects. Much later in 1972, it was found that water can be

decomposed into H2 and O2 by TiO2. It was after this observation that many

photoactive properties of TiO2 were discovered and these in turn extended the

application fields of TiO2 [4]. In 1985, TiO2 was used as microbiocide in photo-

killing Lactobacillus acidophilus and Escherichia coli (E. coli) [5]. This antibac-

terial property was then used to manufacture ceramic tiles coated with photoactive

TiO2 in 1995 with application in the floors and walls in several hospital operating

rooms, where sterile conditions are crucial. In 1997, Wang et al. [6] produced highly

hydrophilic TiO2 surfaces with anti-fogging and self-cleaning properties. Recently,

self-sterilizing TiO2 based building materials have been produced and used widely.

Many researchers combine TiO2 with construction materials taking advantage of

various methods to produce novel building materials with photoactive functions

such as air cleaning [7–9], self-cleaning [10–12], decolorization [13–15], steriliza-

tion, anti-bacterial and anti-algae [16–21]. Investigations on the antibacterial

property of TiO2 have so far been majorly conducted on glasses and ceramics

containing TiO2. However, few studies have been conducted on cement containing

TiO2 with antibacterial and self-sterilization properties.

This work is an attempt to produce self-cleaning and antibacterial nano-TiO2

loaded cement that can be applied as a coating on the intended surfaces. One other

advantage of photocatalytic cements is that they are economical alternatives at large

scale manufacturing compared to the other materials having the same function. TiO2

nano-particles were prepared by the sol–gel method. X-ray diffraction (XRD) was

used for phase analysis and transmission electron microscopy (TEM) and field

emission scanning electron microscopy (FE-SEM) techniques were used for

microstructure studies. UV–Vis absorption and BET methods were also performed
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for further investigations. In the next step, this material has been used for making

cement disks and finally, the ability of these disks in deactivation of bacteria and

degradation of organic dye has been studied. The organic dye in the present study is

Malachite green. The reasons for choosing Malachite green as the organic model

are: (1) it is environmentally stable and severely toxic to a wide range of animals. It

causes serious public health hazards and also poses potential environmental

problem. Both clinical and experimental observations reported so far reveal that

Malachite green is a multi-organ toxin. It decreases food intake, growth and fertility

rates; causes damage to the liver, spleen, kidney and heart; inflicts lesions on the

skin, eyes, lungs and bones; and produces teratogenic effects. Malachite green is

highly cytotoxic to mammalian cells. Incidences of tumor in the lungs, breast and

ovary have also been reported from rats exposed to Malachite green. It also acts as a

respiratory enzyme poison [22], (2) Malachite green has properties that make it

difficult to remove from aqueous solutions and also toxic to major microorganisms.

Though, the use of this dye has been banned in several countries and not approved

by US Food and Drug Administration, it is still being used in many parts of the

world due to its low cost, easy availability and efficacy and to lack of a proper

alternative [23]. Also, it has been reported that no significant degradation of

Malachite green is observed due to direct exposure to UV irradiation [24, 25].

Experimental details

Materials

The following commercial reagents (Merk, Germany) were used: tetraisopropyl

orthotitanate Ti(OC3H7)4; absolute grade ethanol (EtOH), methanol (MeOH) and

ethanolamine (EA) all at 99 % purity and Malachite green oxalate dye (C23H25-

ClN2) at 96 % purity. Pure TiO2 samples were prepared by the sol–gel technique.

Table 1 Physical and chemical

properties of Portland cement

* Loss on ignition

Physical properties

Density (g cm-3) 3.13

Blaine specific surface area (cm2 g-1) 2954

Chemical properties

Chemical composition (wt%) Bogue’s potential phase

composition (wt%)

CaO 63.90 SO3 2.07 C3S 56.53

SiO2 20.83 K2O 0.59 C2S 17.16

Al2O3 4.56 Na2O 0.15 C3A 5.84

Fe2O3 3.69 Free-lime 0.85 C4AF 11.23

MgO 2.56 LOI* 1.51
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E. coli (PTCC 1395) was obtained from the Persian Type Culture Collection and

Luria–Bertani (LB) culture medium from Sigma-Aldrish was used for its

cultivation. Type II Portland cement (PC) in accordance with ASTM standard

was used to prepare cement disks with a diameter of 1 cm. Physical and chemical

properties of PC are shown in Table 1. Polycarboxylic copolymer (Merk, Germany)

was used as super-plasticizer.

Preparation of catalyst

A mixture of 5 g tetraisopropyl orthotitanate with 5.36 g EA was prepared and

stirred for 2 h. To this mixture, a further 5.36 g EA in 0.32 g water was slowly

added in droplets and the solution was stirred until the sol was formed. The sol was

then kept at room temperature for 24 h until gel formation. The prepared gel was

first dried at 150 �C for 3 h and then calcined at 500 �C for 4 h to obtain

crystallized structures of TiO2.

Characterization of catalyst

To analyze the prepared catalyst, samples were dissolved in distilled water and their

spectral properties were determined using UV–Vis absorbance spectrum on a GBC

Cintra 40 UV–Visible spectrophotometer. To determine the identity of any phase

present in the samples and their crystalline size, XRD pattern was obtained by using

CuKa radiation at 295 K. A 100 % anatase phase was recognized and its average

crystallite size then determined according to the Scherrer equation using FWHM

data after correction of the instrument peak broadening. The specific area was

determined by BET isotherm using N2 at 77 K. The morphology of particles was

investigated using field emission scanning electron microscopy (Sigma, Zeiss) with

EDS and Map detector (Oxford Instruments, England) at a voltage of 15 kV and

transmission electron microscopy (TEM) image of the synthesized TiO2 nanopar-

ticles was prepared on a Philips (Amsterdam, The Netherlands) transmission

electron microscope operated at an accelerating voltage of 100 kV.

Preparation of cement disks

A mechanical mixing was used for the purpose of loading synthesized TiO2

nanoparticles on PC, so that they were added to the PC powder at 1, 5 and 10 wt%

and the mixture was homogenized by the APV homogenizer (BT12.51) for 2 min.

Water was further added to reach a mixture containing 28 wt% water, prior to the

formation of disks and then the resulting paste was manually homogenized. Cement

disks at 1 cm diameter were then kept in a chamber at relative humidity of more

than 95 % for 24 h.

To reduce the pH of disks and make them ready for antibacterial test, they were

exposed to water flow and their pH was measured periodically until reaching

pH = 7.
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To investigate the effect of super-plasticizer on the photocatalytic property of

samples, 1 wt% polycarboxylic copolymer super-plasticizer was added to three

samples as given in Table 2.

The water required to maintain a constant workability in super-plasticized paste

was measured to be 25 wt% of the cement based on the flow table test in accordance

with ASTM C230. The ability of these disks in deactivation of bacteria and

degradation of organic dye was compared with control samples without super-

plasticizer.

Cultivation of E. coli

Cultivation of bacterial cells was performed according to Caballero et al. [26].

E. coli was sub-cultured on Petri dishes containing LB medium supplemented with

agar at 37 �C for 24 h. A loopful of fresh culture was inoculated into 50 ml of LB

medium containing in g l-1: NaCl, 5; peptone, 10; and yeast extract, 5. Culture was

then incubated aerobically at 159 rpm in a shaker at 37 �C until the mid exponential

phase of bacterial growth [equivalent to an optical density (OD) of 0.8 at 600 nm].

Subsequently, this culture was centrifuged at 4000 rpm and 4 �C for 10 min. The

collected bacterial cells were then washed three times to remove medium

components and cells were re-suspended in sterile saline solution containing

0.9 % NaCl to obtain a cell density of 108 CFU (colony forming unit) per milliliter.

This cell suspension was stored at 4 �C for 1 h prior to use in each set of

antibacterial assessment experiments in this study. Serial dilution and spread plate

cultivation method on solid medium was used for counting the viable cells

(CFU ml-1).

Photocatalytic experiments

Experiments were performed to investigate the decolorization and antibacterial

properties of the irradiated catalysts and nano-TiO2 loaded cement disks.

Additionally, control experiments without irradiation were done to determine the

net effect of irradiation. In all photocatalytic experiments, a 160 W high-pressure

mercury vapor lamp, emitting radiations over a wavelength range of 320–420 nm,

was used as an illumination source from the top.

Table 2 Experimental design

of cement samples
Sample no. Compositions (wt%)

TiO2 Super-plasticizer

1 1 0

2 5 0

3 10 0

4 1 1

5 5 1

6 10 1
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Decolorization experiments

In all photocatalytic decolorization experiments, 50 ml of dye solution with an

initial pH of 6 was added to a Pyrex cylindrical batch reactor with a diameter and

height of 5 and 7 cm, respectively which was operated under continuous stirring and

ambient temperature. Reactor was irradiated from top and this resulted in a

temperature increase up to approximately 30 �C during irradiation. To examine the

decolorizing property of TiO2 powder, 100 mg of TiO2 was dissolved in dye

solution and the mixture was sonicated by the sonicator Q500 (500 W, 110 V,

50–60 Hz) for 5 min to disperse the catalyst. The mixture was then agitated in dark

for 30 min before irradiation. Some decolorization experiments were also

performed by using nano-TiO2 loaded cement disks. Additionally, three control

experiments: TiO2 powder in dark, without TiO2 in light and cement disk without

TiO2 in light were performed for comparison purposes. To investigate the effect of

super-plasticizer, a final experiment was done with nano-TiO2 loaded cement disks

supplemented with polycarboxylic copolymer. All experiments were performed in

triplicate. The dye concentration was checked by using a UV–VIS spectropho-

tometer (SHIMADZU, UV-2700).

Disinfection experiment

Experiments were designed to investigate the effect of TiO2 and super-plasticizer in

cement disks as well as irradiation on antibacterial activity as listed in Table 3.

All materials used in these experiments were autoclaved at 121 �C for 20 min to

ensure sterility. The photocatalytic experimental setup as seen in Fig. 1, consisted of

a shaker, a UV lamp and an air-cooling fan to reduce the temperature developed

during irradiation.

This set up was placed in a laminar air flow hood to maintain sterile environment.

In this set of experiments, several 100 ml bottles each containing 20 ml bacterial

suspension (N0 = 108 CFU ml-1) and 5 identical cement disks were placed on the

shaker at 50 rpm. Samples were taken at specified times and analyzed to examine

Table 3 Design of disinfection

experiments with cement disks
Sample no. Variable

Irradiation TiO2 (%) Super-plasticizer (%)

1 ? 1 0

2 ? 5 0

3 ? 10 0

4 - 0 0

5 - 10 0

6 ? 1 1

7 ? 5 1

8 ? 10 1

5400 N. Ganji et al.

123



the efficiency of the photocatalytic bacterial inactivation. All experiments were

done in triplicate.

Counting techniques and data presentation

To obtain the numbers of viable E. coli cells, a sample was taken at the end of each

experiment. A series of 10-fold dilutions was then performed within 15 min and

0.1 ml of each dilution was spread on nutrient agar plate which was then incubated

at 37 �C for 24 h. The observed colonies on these plates were finally counted and

the colony forming units per milliliter in the original samples were calculated [27].

Results and discussion

XRD analysis

The XRD pattern of the synthesized TiO2 catalyst is shown in Fig. 2.

It can be obviously seen that diffraction peaks appeared in the pattern are

associated with a 100 % anatase phase with a proper crystalline nature. A very

strong anatase peak is observed at 2h of 25.25�, assigned to (101) plane. Other

anatase peaks are observed at 2h of 37.7� (004), 47.7� (200), 53.5� (105), 55.1�
(211), 63.2� (204), 69.8� (116), 71.2� (220), and 76.1� (215) [28–30]. Among the

three crystalline phases of TiO2, anatase yields the highest photocatalytic activity

due mainly to its larger surface area, higher porosity and easier formation of free

radicals on its particles [13, 31, 32]. The mean particle size was found to be 66.5 nm

using the Debye–Scherrer equation.

Fig. 1 Schematic of set up used in disinfection experiments. 1 Laminar air flow hood; 2 UV light; 3
Shaking unit
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UV–Visible spectrometer analysis

UV–Vis absorption–reflection spectrum of calcined TiO2 catalyst is shown in

Fig. 3a.

It can be seen that the absorption spectrum of the synthesized TiO2 is 395 nm

which is located within the UV region. To calculate the energy gap (Eg) for the

present sample, Eq. (1) that gives the absorption coefficient of an indirect

semiconductor near the absorption threshold was applied.

a ¼ Biðhm� EgÞm

hm
ð1Þ

in which a, Eg, h, Bi, and m are the absorption coefficient, energy gap, the Planck’s

constant, the absorption constant, and the frequency of the light, respectively. Also

m is an index that can be 1/2, 3/2, 2, and 3. Normally m for nanomaterials is 2.

According to data from 320 to 790 nm presented in Fig. 3a, (ahm)0.5 curve was

plotted versus photon energy in Fig. 3b. The value of Eg has been estimated by

taking the intercept of the extrapolation to zero absorption with photon energy axis

[31]. In this way, Eg was obtained 2.85 eV. However, the normal energy gap is

about 3.2 eV. A possible explanation for this change in energy gap can be related to

the particle size. Based on Lin et al. [33], the bulk defects induced localization of

molecular orbitals in the conduction band edge and create shallow/deep traps in

electronic energy, in turn causing the shift of the absorption spectra. When crys-

talline size increases, the traps shifted to lower energy, which resulted in shifting of

the absorption spectra. Also, Choudhury and Choudhury [34] have assigned the

Fig. 2 XRD pattern of the synthesized nano-TiO2 catalyst
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shifts to absorption wave length and reported various energy gaps in the range of

2.2–2.8 eV.

Microstructural characterization

The field emission scanning electron microscopy images of the synthesized calcined

TiO2 nanoparticles are shown in Fig. 4. As it is seen, the morphology of the TiO2

nanoparticles is mainly spherical with a relatively good distribution and uniformity.

The mean particle size was estimated at an approximate value of 59 nm by

employing the multi-crystalline software.

Fig. 3 a UV–Vis absorption–reflection spectrum of calcined TiO2 catalyst, b curve of (ahm)0.5 versus
photon energy for the estimation of energy gap of the sample
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Transmission electron microscopy (TEM) image of nano-TiO2 is shown in

Fig. 5. From this figure, it can also be observed that the morphology of these

nanoparticles is relatively spherical. The TEM analysis revealed that the nanopar-

ticles have been formed with the size of a bit larger than 50 nm.

Fig. 4 FE-SEM images of calcined TiO2 catalyst
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Surface area measurement by BET method

Table 4 lists the result of surface area measurement performed on the calcined TiO2

catalyst.

Photocatalytic dye decolorization by catalyst-loaded cement disks

Time courses of dye decolorization in the presence of cement samples containing 1,

5 and 10 wt% TiO2 catalyst are compared in Fig. 6a.

All nano-TiO2 loaded samples showed increased initial decomposition rates

compared to the control sample without TiO2. Significant enhancements were

observed in the overall decolorization efficacies by increasing the amount of catalyst

up to 5 %, most possibly due to the increased surface area available to the dye

molecules. However, further increase in the amount of catalyst to 10 wt% barely

affected the dye removal efficiency. Therefore, one can conclude that 5 % catalyst

leading to 98 % color removal during 60 min is the most appropriate amount of

catalyst based on the economical consideration. Photocatalytic decolorization

efficiency of nano-TiO2 loaded cement samples are shown in Table 5.

Fig. 5 TEM image of synthesized TiO2 nanoparticles

Table 4 TiO2 specific surface

area measurement by BET

method

Temperature

(�C)

Porosity volume (cm3

g-1)

Surface area (m2

g-1)

500 0.1278 64.352

450 0.1322 67.208

400 0.7711 75.643
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The effect of super-plasticizer in cement samples on dye decomposition is shown

in Fig. 6b. Super-plasticizers disperse particles and contribute to further distribution

of the catalyst powder within the cement mixture and prevent agglomeration which

in turn improves the photocatalytic decolorization efficacy. Results show that the

performance of the sample containing super-plasticizer and 1 wt% TiO2 is

equivalent to that of samples with no super-plasticizer and 5 wt% TiO2. Super-

Fig. 6 a Effect of TiO2 in cement samples on photocatalytic dye decolorization, b effect of super-
plasticizer on photocatalytic dye decolorization by cement samples
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plasticizer can therefore help reducing the amount of TiO2 and hence the production

cost.

Decolorization kinetics of green dye by nano-TiO2 loaded cement

Generally, decomposition rate of organic compounds exposed to light under the

influence of a catalyst follows the Langmuir–Hinshelwood (Eq. 2) which assumes

that the reactions take place at the surface of the catalyst particles [35]. At low

concentrations this equation can be simplified to a first order equation (Eq. 3).

r ¼ � dC

dt
¼ kKC

1 þ KC
ð2Þ

ln
C

C0

� �
¼ kKt ¼ Kappt ð3Þ

in which parameters and variables are: r, reactant oxidation rate (mg l-1 min-1); C0,

reactant initial concentration (mg l-1); C, reactant concentration at time t (mg l-1);

t, irradiation time (min); k, reaction rate constant (mg min-1) dependent on solute

properties and reaction conditions; K, dye adsorption coefficient (l mg-1) and Kapp,

apparent rate constant (min-1) [36].

To examine the kinetics of photocatalytic decolorization of green dye by the

synthesized nano-TiO2 loaded cement sample, ln(C/C0) was plotted versus t in

Fig. 7. The observed linear relationship confirms that the Malachite green dye

decolorization follows a first order kinetics. According to Eq. (3), the apparent

reaction rate constant is equivalent to the slope of this line which equals to

5.7 9 10-2 min-1.

In order to identify the contribution of the catalyst in the cement sample

containing this catalyst on decolorization, the results of two control experiments one

with catalyst-free cement and the other with catalyst powder are also shown in

Fig. 7. The apparent reaction rate constants are compared in Table 6.

It can be seen that catalyst-free cement has the lowest decolorization rate as

expected. The catalyst-loaded cement showed a higher rate constant as compared to

catalyst powder. This can be attributed to the presence of some elements such as

iron in the cement samples and their effects on decolorization process. Photocat-

alytic decomposition kinetics of some other dyes such as azo dyes at low

concentration by TiO2 is also shown to follow a first order equation (Eq. 3) [37, 38].

Table 5 Photocatalytic

decolorization efficiency of

nano-TiO2 loaded cement

samples

Catalyst amount (%) Efficiency (%)

0 60.6

1 85.9

5 98.2

10 98.2
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Photocatalytic inactivation of E. coli by catalyst-loaded cement

Photocatalytic inactivation of E. coli by cement samples containing 1, 5 and 10 wt%

TiO2 was investigated under UV irradiation. Four different control experiments

were also carried out to identify the individual effect of various factors affecting

bacterial inactivation. Two control experiments were done to examine the natural

inactivation and bacterial inactivation under UV alone. Two other controls were

used to see the effect of cement alone and catalyst (10 wt%)-loaded cement in dark.

All cement samples were exposed to water flow for at least one month to reduce the

pH from 12 to 7 prior to bacterial inactivation experiments to prevent alkaline pH

which could in turn affect the viability of bacteria. Results of these experiments are

compared in Fig. 8.

It can be seen that during the short period of these experiments (45 min), very

low natural bacterial inactivation was observed. Additionally, little inactivation was

detected when cement alone and catalyst-loaded cement samples were applied in the

dark. Therefore, it can be concluded that TiO2 barely acts as a photocatalyst in dark.

Moreover, it was observed that UV irradiation alone only slightly affects bacterial

inactivation. However, cement samples containing catalyst at various amounts led to

a considerable bacterial inactivation under UV irradiation. Although increasing the

amount of catalyst in cement samples resulted in an enhanced inactivity of bacterial

Table 6 Comparison of the calculated apparent reaction rate constants for dye decolorization

Catalyst Kapp (910-2 min-1) R2

TiO2-loaded cement 5.7 0.997

TiO2 powder 3.0 0.986

TiO2-free cement 1.0 0.944

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0
0 20 40 60

ln
 (C

/C
0)

Time (min)

TiO +Cement
Cement
TiO

2

2

Fig. 7 Kinetics of
photocatalytic decolorization of
dye by catalyst powder and
catalyst-loaded cement samples
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species, this effect was considerable up to 5 wt% TiO2 and further increase to 10

wt% had only insignificant effect. Thus, 5 wt% TiO2 can be selected as the most

appropriate amount of catalyst in the cement samples for inactivation of E. coli. The

effect of addition of 1 wt% super-plasticizer to nano-TiO2 loaded cement samples

containing 1, 5 and 10 wt% TiO2 on bacterial inactivation under UV irradiation was

also investigated. Results in Fig. 9a show that super-plasticizer positively affects

bacterial inactivation, particularly at 10 wt% TiO2 where the highest difference can

be observed.

This can be explained by the fact that super-plasticizer can enhance catalyst

dispersion in samples by preventing agglomeration of catalyst in cement pastes.

This in turn improves the chance of contact between photocatalyst and bacteria. As

can be seen in Fig. 9a, the performance of sample containing 5 wt% TiO2 and super-

plasticizer is better than that of sample with 10 wt% catalyst and without super-

plasticizer. Hence, application of super-plasticizer in photocatalytic cement is

strongly suggested.

The effect of the initial E. coli concentration on bacterial inactivation by cement

samples under UV irradiation at three initial cell concentrations is shown in Fig. 9b.

It can be seen that by raising the initial cell concentrations, complete inactivation

occurs at longer period of time. Over the 45 min of these experiments, the overall

rates of inactivation were evaluated as 8.9 9 107, 1.3 9 105 and 1.8 9 103

CFU min-1 ml-1 at initial cell concentrations of 4.00 9 108, 6.00 9 106 and

8.20 9 104 CFU ml-1, respectively. This shows the direct effect of cell concen-

tration on the rate of the photocatalytic cell inactivation. Therefore, a rate

expression of order n is assumed for cell inactivation [39] as given in Eq. (4):

R ¼ k0cn ð4Þ

where R, k0, c and n are the rate of cell inactivation, rate constant, cell concentration,

and reaction order, respectively. Parameters n and k0 can then be estimated

Fig. 8 Photocatalytic inactivation of E. coli by cement samples containing various amounts of TiO2: 1
initial concentration, 2 E. coli, 3 cement/dark, 4 10 %TiO2 ? cement/dark, 5 UV alone, 6
1 %TiO2 ? UV ? cement, 7 5 %TiO2 ? UV ? cement, and 8 10 %TiO2 ? UV ? cement
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according to Eq. (5) by plotting log (R) versus log (c) in Fig. 10 and finding the

slope and intercept of the line, respectively.

logðRÞ ¼ logðk0Þ þ n logðcÞ ð5Þ

This plotting resulted in a line with a slope of 0.995 and intercept of -0.87.

This reveals that the photocatalytic bacterial inactivation by nano-TiO2 loaded

cement well follows a first order rate expression with a rate constant of

0.135 min-1. Some recent studies have shown that at high cell concentrations

([107 CFU ml-1), a fraction of cells could escape from UV exposure due to both

shielding of microorganisms and a poor mixing [40]. The tailing observed in certain

inactivation curves has also been attributed to the presence of a small sub-

population of the organism which are more resistant to the effects of UV radiation,

than the bulk population due to their genetic or morphological properties [40].

Fig. 9 a Comparison of bacterial survival by nano-TiO2 loaded cement samples without and with 1 wt%
super-plasticizer under UV irradiation, b effect of the initial E. coli concentration on time course of
inactivation by TiO2

5410 N. Ganji et al.

123



Conclusions

Experimental results showed that cement samples containing TiO2 nanoparticles

exhibit stronger photocatalytic properties compared to the same amount of pure

TiO2 nanoparticles under UV irradiation. Taking into account that only a small

amount of the TiO2 powder mixed with cement paste lies on sample surface and

only this part contributes to the photocatalytic activities, one can conclude that the

required amount of TiO2 in cement is much less than the amount of pure powder.

Although improvements were observed in photocatalytic properties by raising the

catalyst in the cement samples, addition of 5 wt% catalyst to cement paste is

recommended based on the cost and performance efficiencies. Moreover, it was

shown that addition of a super-plasticizer could enhance the organic pigment

decolorization and microorganism inactivation due to the improved dispersion of

catalyst particles and this in turn reduces the required catalyst to 1 wt% and hence

makes the process more cost-effective. Therefore, nano-TiO2 loaded cement can be

efficiently applied as an antibacterial/decolorizing coating on the intended surfaces.
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